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H PRO 

Peter  Alexander and Herman Shulman 

Teledyne Isotopes * 

An experimental study has  been performed t o  ascer ta in  t h e  s u i t a b i l i t y  

of  using germanium-silicon a l loy  s ingle  c r y s t a l s  t o  f ab r i ca t e  charged p a r t i c l e  

de tec tors .  It i s  hypothesized t h a t  by se l ec t ing  a su i t ab le  Ge/Si r a t i o  - and 

t h u s  def ining t h e  band gap value - 
peratures  between +2OoC and -195.C 

nature  of t h e  a l l o y  l a t t i ce  should 

t i o n  damage r e s i s t a n t  proper t ies  

operation of t h e  de tec tor  a t  aeJected tern- 

should be possible .  The mixed cons t i tuent  

also  endow t h e  a l loy  de tec tors  with radia-  

This study has revealed t h a t  charged p a r t i c l e  

de tec tors  can be fabricated from germanium-silicon a l l o y  c r y s t s l s .  

t e c t o r s  a r e  operable a t  temperature& above -75OC. 

t h a t  t h e  alloy may passess r a d i a t i a n  damage proper t ies  auperlor t o  e i t h e r  ger- 

manium o r  s i l i c o n .  

Thgse de- 

Preliminary results i n d i c a t e  

INTRODUCTION 

The superior  energy reso lu t ion  provided by semiconductor nuclear 

d i a t ion  d e t e c t o r s  has  made widespread t h e i r  u s e  i n  chsrged p a r t i c l e  exgeri- 
I .  nj. . 

ment s e Commerci l l y  available  semiconductor de tec tors  s ens i t i ve  t o  charged 

p a r t i c l e s  a r e  normally fabr ica ted  from e i t h e r  s i l i c o n  o r  germaniuml 

de tec tors  may be fabricated i n  a number of d i f f e r e n t  configuar 

These 

repor t  includes Qome r e s u l t s  ined  from a complementa 
DCY u n d e r  Conbract ed Research P r o j e c t s  

tomic Support *Agency, 

*50 Van Buren venue, Westwood, New Jersey  07675 
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t h e s e  a r e  surface b a r r i e r ,  diffused junct ion and l i t h ium ion d r i f t  (p-i-n) 

configurations.  Although s i l i c o n  de tec to r s  may be operated a t  2OoC with 

reasonable r e so lu t ion ,  it i s  necessary t o  employ operating temperatures o f  

< -75'C f o r  optimal energy r e so lu t ion .  

manium, d e t e c t o r s  made from t h i s  ma te r i a l  y i e ld  superior  energy r e so lu t ion  

but  must be maintained a t  a temperature o f  -195OC i n  order t o  funct ion s a t -  

i s f a c t o r i l y  * 

Due t o  t h e  smaller band gap o f  ger- 

Various surface passivat ion Techniques have been perfected 

for  s i l i c o n  de tec to r s  so  t h a t  they may be demounted and s tored on a s h e l f  

when not i n  use.  To d a t e  no equivalent technique i s  ava i l ab le  f o r  use on 

germanium de tec to r s ,  t h u s  they must be constant ly  maintained i n  vacuum. 

Germanium de tec to r s  a l s o  must be csntinuously maintained a t  low temperature 

i n  order t o  prevent p r e c i p i t a t i o n  of t h e  l i t h ium which has  been d r i f t e d  i n t o  

t h e  de t ec to r  t o  compensate t h e  germanium impur i t i e s .  

renders t h e  de t ec to r  inoperat ive.  

low r a t e  i n  s i l i c o n  a t  2OoC, t h u s  t h i s  type of de t ec to r  may be maintained a t  

room temperature without de l e t e r ious  e f f e c t s .  

Loss o f  t h i s  l i t h ium 

Lithium p r e c i p i t a t i o n  proceeds a t  a very 

Germanium has a higher stopping power f o r  charged p a r t i c l e s  than 

does s i l i c o n .  This property, a t t r i b u t a b l e  t o  t h e  higher densi ty  and atomic 

number of germanium, renders  it a more des i r ab le  ma te r i a l  than s i l i c o n  from 

which t o  f a b r i c a t e  a de t ec to r  f o r  high energy charged p a r t i c l e  spectroscopy. 

The range o f  a 43 MeV proton i n  s i l i c o n  i s  l cm while it i s  only 0 . 7  cm i n  

germanium e 

Both germanium and s i l i c o n  de tec to r s  s u f f e r  r ad ia t ion  damage with 

s u f f i c i e n t l y  l a r g e  r a d i a t i o n  dosages. 

i ous  s ince  i t s  e f f e c t s  l i m i t  t h e  usable  l i fe- t ime o f  s o l i d - s t a t e  de t ec to r  

devices.  

l e v e l s  may be many orders  of magnitude higher than those  encountered a t  ground 

l eve l ,  w i l l  be most adversely a f f ec t ed  a 

The problem o f  r a d i a t i o n  damage i s  se r -  

Detectors operat ing i n  o r b i t i n g  space vehicles  where t h e  r a d i a t i o n  

2 



reduction 

damage t o  

The major e f f e c t  

i n  t h e  number of 

of  r e d i a t i o n  d 

ava i lab le  charge c a r r i e r s  co l lec ted .  *Radiation 

ge on so l id  s t a t e  d e t e c t o r s  i s  a 

s o l i d  s t a t e  d e t e c t o r s  induced by photons, e l e c t r o n s  arid protons re- . .  , .  

s u l t s  pr imari ly  from displacements within t h e  c r y s t a l  l i t t i c e .  

displaced e i t h e r  through d i r e c t  c o l l i s i o n  with t h e  primary r a d i a t i o n  or  by 

i n t e r a c t i o n  with secondary products produced i n  t h e  primary in t e rac t ion .  

Displaced l a t t i c e  components r e s u l t  i n  in te rs t i t i a l -vacancy  pa i r s  which can 

migrate within - .  t h e  c r y s t a l  end i n t e r a c t  with each o ther  and with various crys- 

t a l l i n e  impur i t ies  and imperfections.  

produce regions of high dispZacanent dens i ty  forming a loca l ized  space charge zone 

Atoms a r e  

- .  

Heavy charged p e r t i c l e s  and f a s t  neutrons 
I 

which i s  depleted o f  e lec t rons .  Such zones serve t o  r e s t r i c t  current  flow i n  t he  

semiconductor de tec tor .  

the temperature and t h e  o r i e n t a t i o n  of  t h e  semiconducting c r y s t a l .  

The magnitude o f  t h e  above e f f e c t s  i s  a funct ion of both 

.. - 

The i d e a l  s o l i d - s t a t e  de tec tor  f o r  space appl ica t ions  would combine 

t h e  d e s i r a b l e  proper t ies  of  a germanium de tec tor  (high resolut ion,  stopping power, 

l a r g e  deplet ion depths ava i lab le  i n  p-i-n configurat ion)  with t h e  operat ing ten-  
, .  

pexatura range of a s i l i c o n  de tec tor .  I n  pr inciple ,  t h i s  can be achieved by a 

judicious a l l o y i n g  of  germanium and s i l i c o n ,  

The germanium-si4icon a l l o y  de tec tor  might possess an a d d i t i o n a l  property 

not  present ind iv idua l ly  i n  e i t h e r  s i l i c o n  o r  germanium. I t  i s  l i k e l y - t h a t  t h e  . -  

mobili ty of t h e  primary r a d i a t i o n  de€ects, i n t e r s t i t i a l  atoms and vacancies ,wil l  

be retarded i n  t h e  multi-element l a t t i c e .  I n t e r s t i t i a l  motion i n  such a l a t t i c e  

would be stericiQly hindered. Similar ly ,  t h e  migration of  vgcancies on t h e i r  

own s u b l a t t i c e  ' w i l l  l s o  be hampered * 

3 



I n  pure s i l i c o n  a s  i n  pure germanium both i n t e r s t i t i a l s  and vacancies 

a r e  s u f f i c i e n t l y  mobile t o  i n t e r a c t  with dopants and other  defects so a s  t o  produce 

s t a b l e  secondary complexes. Removal o f  t h e s e  r a d i a t i o n  induced complexes by 

annealing r equ i r e s  a temperature s o  high a s  t o  destroy t h e  p rope r t i e s  o f t h e  

germanium and s i l i c o n  which enable it t o  function a s  a de t ec to r .  I n  t h e  ger- 

manium-silicon a l l o y ,  t h e  formation of  complexes w i l l  be hindered not only by 

t h e  low v a c a n c y - i n t e r s t i t i a l  mobil i ty  bu t  a l s o  by t h e  thermal annealing which 

may be expected t o  proceed a t  reduced temperature. 

ta ined during t h e  annealing cycle, t h e  r e s u l t i n g  l i t h ium ion  d r i f t  w i l l  tend t o  

compensate both primary and secondary damage e f f e c t s ,  

procedure should enable g r e a t l y  extended de tec to r  operat ing l i f e t i m e s .  

I f  t h e  de t ec to r  b i a s  i s  main- 

Such an " in  s i t u"  cycl ing 

This research program i s  concerned with an inves t iga t ion  o f t h e  physical  

p rope r t i e s  of germanium-silicon a l l o y  c r y s t a l s  and r a d i a t i o n  de tec to r s  f ab r i ca t ed  

from them. The various phases involved i n  t h i s  i nves t iga t ion  a r e  l i s t e d  below. 

a )  Procurement o f  germanium-silicon a l l o y  s i n g l e  c r y s t a l s  o f  various 

Ge/Si r a t i o s ,  

Inves t iga t ion  o f  phyaical p rope r t i e s  of  t h e  a l l o y  c r y s t a l s .  b )  

c )  Fabricat ion o f  p-i-n de t ec to r s  

d )  Study of de t ec to r  p rope r t i e s .  

e )  Radiation damage s t u d i e s  a 

D e t a i l s  o f  t h e s e  i n v e s t i g a t i o n s  a r e  presented i n  t h e  following sec t ions .  

2. GERMANIUM-SILICON ALLOY SINGLE CRYSTALS 

The s p e c i f i c a t i o n s  f o r  germanium-silicon a l l o y  c r y s t a l s  used f o r  nuclear  

r a d i a t i o n  de tec to r  f ab r i ca t ion  a r e  cons i s t en t  with t h e  c r y s t a l  requirements nec- 

essary t o  produce good germanium o r  s i l i c o n  de tec to r s .  

desired i n  a de t ec to r  grade germanium-silicon a l l o y  c r y s t a l  a r e  l i s t e d  below: 

The physical  p rope r t i e s  

4 



a. The a l l o y  should be s ing le  c r y s t a l  1-1-1 or ien ta t ion  with no twin- 

ning o r  gross  l ineage.  

Dislocation dens i ty  l e s s  than 10,00O/cm e 
2 b. 

c .  R e s i s t i v i t y  20 - 500 ohm-cm, gallium or  boron doped. 

d e  P-type conductivity achieved without compensation doping of n-type 

materia 1 a 

e. Center less  ground c r y s t a l s  a r e  t o  have a diameter of 1 . 5  cm and a 

length of  > 5 cm. 

1 5  3 f .  Metals and carbon content l e s s  than 1 ppm. Oxygen content < 3.0 atoms/cm . 
Low oxygen content t o  be obtained by use of  a clean c ruc ib le  and an 

atmosphere of  helium or  argon (80%) and hydrogen (20%). Gases must 

be of spectroscopic pu r i ty  grade and passed through a gas drye r - f i l t e r .  

g. Variation i n  c r y s t a l  r e s i s t i v i t y  p r o f i l e  along face from c r y s t a l  cen ter  

t o  outer  edge must be < lo%, 

vary by more than 1% per cm of  c r y s t a l  length.  

Charge carrier lifetime a t  20°C must be > 10 ps, 

The homogeneity of  t h e  c r y s t a l  must not  

h. 

The germanium-silicon a l l o y  s i n g l e  c r y s t a l s  a r e  general ly  Czochrolski 

pulled although it i s  a l s o  possible  t o  grow t h e  c r y s t a l s  i n  a hor$zontal  boat .  

Contamination of t h e  high pu r i ty  germanium and s i l i c o n  by impur i t ies  i n  e i t h e r  

t h e  boat, t h e  c ruc ib le  containing t h e  melt, or  t h e  atmosphere i n  t h e  pul l ing  

apparatua i s  always a problem. The major d i f f i c u l t y  i n  pul l ing  l a rge  s ingle  

c r y s t a l s  of t h e  a l loy  a r i s e s  from t h e  segregation of t h e  germanium and s i l i con .  

Generally t h e  c r y s t a l s  a r e  pulled using an a l l o y  seed o f  appropriate  composition. 

In order t o  p u l l  a germanium-silicon a l l o y  c r y s t a l  containing 10% germanium - 
90% s i l i con ,  t h e  heated melt might i n i t i a l l y  contain 30% germanium - 70% s i l i c o n ,  

A 5% germanium - 95% s i l i c o n  wed would be used a t  extremely slow p u l l  and 

5 



rotat i .on 

r o t a t i o n  

r a t e s ,  t y p i c a l l y  2mm/hour and 1 0  rpm respec t ive ly .  

r a t e s  t h e  heavier  germanium t ends  t o  segregate.  

A t  such low 

A s  t h e  10% germanium 

c r y s t a l  i s  pulled,  t h e  germanium-to-silicon r a t i o  i n  t h e  melt changes, r equ i r -  

i ng  cont inual  readjustment of t h e  melt temperature. 

problems which make it d i f f i c u l t  t o  produce l a r g e  nuclear r ad ia t ion  de tec to r  

grade germanium-silicon a l l o y  s i n g l e  c r y s t a l s  

references t o  germanium-silicon a l l o y  c r y s t a l s  grown i n  t h e  ranges 0 t o  2 3  

weight % germanium i n  s i l i c o n  and 0% t o  13% s i l i c o n  in germanium. 

These a r e  some o f t h e  

The l i t e r a tu re ’  contains  

Generally 

t h e s e  c r y s t a l s  were not of a s i z e  and pu r i ty  l e v e l  necessary f o r  semiconductor 

de t ec to r  f a b r i c a t i o n .  A c r y s t a l  containing 7% germanium was obtained from t h e  

same l o t  a s  those i n  reference 1 and was found t o  be unsa t i s f ac to ry  f o r  de- 

t e c t o r  production - 
A l a r g e  number o f  p o t e n t i a l  supp l i e r s  were contacted i n  order t o  

procure germanium-silicon a l l o y  c r y s t a l s  meeting t h e  s p e c i f i c a t i o n s  out l ined 

e a r l i e r .  

s i l i c o n  a l l o y  c r y s t a l s  containing 11.0% germanium by weight were procured from 

t h e  Elmat Corp. 

evidence o f  twinning. 

t o  12 .3% by weight were received more r ecen t ly  from M e t a l h r g i e  Hoboken. 

Charac t e r i s t i c s  o f  t h e s e  four  usable s i n g l e  c r y s t a l s  a r e  presented i n  Table 1. 

A l i s t  o f  t h e s e  contacts  w i l l  be found i n  Appendix A.  Two germanium- 

Only one o f  t h e s e  c r y s t a l s  could be used s ince  t h e  other  showed 

Three c r y s t a l s  ranging i n  germanium content from 10.5% 

6 



TABLE 1 

SOME PROPERTIES OF SETCECTH) GP3WANIUM-SIUCON 
ALLOY CRYSTALS U.S@D.TO FA3RICATE DETECTORS 

C r y s t a l  No, 6599-1 00121 00122 00123 

R e s i s t i v i t y  

Etch P i t  Density 

Weight 

Length 

Diameter 

Ge Content by Weight 

TY Pe 

Orientat ion 

Physical  Perfect ion 

Dopant 

100-300ncm 

< 10,000 

2 5  g 

50 mm 

10  t o  20 mm 

11.0% 

P 

1: 1: 1 

Excellent 

B 

23-30ncm 

< 100 

6 5  mm 

20 mm 

12.1% 

P 

I: 1; 1 

Excellent 

B and Ga 

200-40OfJcm 

< 6000 

57 

44 mm 

24.5 mm 

10.5% 

P 

1: 1: 1 

Excellent 

B and Ga 

1 5  5-24mcm 

< 100 . 

167 g 

7 9  mm 

28 t o  39 mm 

12.3% 

0 
1: 1: 1 

ExcelJent 

B and Ga 

The germanium-silicon a l l o y  measurements described i n  t h e  following 

sec t ion  were performed on s l i c e s  from t h e  above c r y s t a l s .  A l a rge  number of addi- 

t i o n a l  germanium-silicon a l l o y  c r y s t a l s  of l e s s e r  q u a l i t y  were received from other  

vendors. 

i n  Appendix B. 

A list of t h e s e  c r y s t a l s  and how they Eared a s  de tec tors  w i l l  be found 
11 

3 .  PHYSICAL PROPERTIES OF THE GERM&?T.UM-SIWCON ALLOY CRYSTALS 

AfLer t h e  germanium-silicon a l l o y  c r y s t a l s  were received they  were examined 

t o  see t h a t  they  conformed t o  t h e  s p e c i f i c a t i o n s  l a i d  out  i n  t h e  preceding sect iqn.  

This involved determining such proper t ies  as: t h e  s i z e  of t h e  c rys ta l ,  t h e  d i s -  

loca t ion  densi ty ,  t h e  degree of  c r y s t a l  perfect ion,  t h e  germanium content of t h e  

c r y s t a l  and t h e  oxygen impurity concentrat ion of t h e  a l l o y  c r y s t a l .  As soon as 
7 



t hey  were 

weighed. 

received t h e  germanium-silicon a l l o y  c r y s t a l s  were measured and 

Next they were waxed onto a ceramic block and appropriately s l i c e d  

with a diamond wheel. 

r a d i a l  r e s i s t i v i t y  p r o f i l e s  o f t h e  s l ices  were measured with a four-point 

probe and ASTM F43-64T techniques A p r e f e r e n t i a l  e t ch  was performed on 

selected s l i c e s  taken from t h e  various a l l o y  ingo t s  i n  order t o  examine c r y s t a l  

d i s loca t ion  d e n s i t i e s .  

c r y s t a l  was cu t ,  lapped with 5 0 0 ~  s i l i c o n  carbide and aluminum oxide, then 

cleaned u l t r a s o n i c a l l y  using t r i cho lo re thy lene ,  and washed successively i n  

a lcohol  and d i s t i l l e d  water. 

acid,  hydrofluoric  acid a t  0°C and etched f o r  45 seconds. 

quenched with d i s t i l l e d  water and then immersed i n  a mixture of  a c e t i c  ac id ,  

n i t r i c  acid and hydrofluoric  acid (10:3:1) f o r  four  hours. 

with d i s t i l l e d  water t h e  wafer was removed and examined. 

mens exhibited high d i s loca t ion  d e n s i t i e s  a t  t h e  center ;  however, some samples 

contained ou te r  r i n g s  with high d i s loca t ion  d e n s i t i e s .  These ou.ter r i n g s  were 

removed before  any f u r t h e r  processing. The e t ch  p i t  d e n s i t i e s  o f  a few speci-  

mens were determinedand i n  all cases  found t o  agree with t h e  manufacturers'  

values 

The long i tud ina l  r e s i s t i v i t y  p r o f i l e  o f  t h e  ingot  and 

2 

To perform t h e  p r e f e r e n t i a l  e tch ,  a 0 .25  cm t h i c k  

The wafer was placed i n  a mixture o f  2 : l  n i t r i c  

Next t h e  wafer was 

After  quenching 

None of t h e  speci-  

A l l  specimens were examined f o r  twinning, gross  l ineage, and s l i p .  

These phenomena r e f l e c t  t h e  degree o f  c r y s t a l  disorder .  A high degree of c r y s t a l  

perfection i s  required i n  order t o  produce a semiconductor de t ec to r  with superior  

energy r e s o l u t i o n ,  

A twinned c r y s t a l  i s  one i n  which t h e  l a t t i c e  .is of  two p a r t s  r e l a t ed  

t o  each o the r  i n  o r i e n t a t i o n  as  mirror images across  a coherent planar i n t e r f a c e .  

8 



I n  t h i s  case  t h e  i n t e r f a c e  i s  t h e  (1-1-1) p l  we, A twin boundary appe 

i g h t  l i n e  a t  t h e  i n t e r s e c t i o n  of  a (1-1-1) plane and t h e  etched surface.  

Two p a r a l l e l  

a twin lamella which 

of  one Elmat c r y s t a l  no twinning w a s  observed i n  t h e  specimens examined. 

i n  boundaries separated b,y few c r y s t a l  l a t t i c e  planes form 

ppears a s  a s t r a i g h t  grooved l i n e .  i t h  t h e  exception 

Gross l ineage  i s  a low ngle grain boundary r e s u l t i n g  from an army 

of  d i s loca t ions .  None o f  t h e  specimens ex mined exhibi ted gross l ineage  i n  t h e  

center  o f  t h e  c r y s t a l  although some specimens showed l ineage  near t h e  high d i s -  

loca t ion  dens i ty  outer  r i ng .  This a rea  was then removed. 

S l i p  i n d i c a t e s  a movement of one p rt  of t h e  c r y s t a l  with respec t  t o  

t h e  rest. S l i p  a s  evidenced on a (J.-l--l) sur face  appears t o  t h e  unaided eye a s  

a t r i a n g l e  or  a six-pointed s t a r ,  

d i s loca t ion  e tch  p i t s  i n  which a l l  t h e  t r i a n g u l a r  e tch  p i t s  point i n  t h e  same 

d i r ec t ion .  This l i n e  o f  e tch  p i t s  w i l l  l i e  i n  a (1-1-0) d i rec t ion .  

t h e  specimens examined showed s igns  of e tch  p i t s  t h a t  covered t h e  e n t i r e  c ross  

sec t ion .  

everg t h i s  s l i p  was not  s u f f i c i e n t l y  severe t o  cause problems i n  de tec tor  fab- 

r i c a t i o n .  

Under a microscope s l i p  appears a s  a l i n e  of 

'This re su l t ed  i n  a c l e a r l y  v i s i b l e  t r i a n g l e  o r  six-pointed s t a r .  How- 

The gesrmanIum content  o f  a l l  c r y s t a l s  was i n i t i a l l y  determined by a 

densi ty  measurement. 

suf f iced  t o  y i e ld  t h e  dens i ty .  

For c r y s t a l s  of a regular  shape t h e  dimensions and weight 

The volume o f  c r y s t a l s  of  an i r r e g u l a r  shape 

s determined by water displacement method, The average germanium content 

af both t h e  e n t i r e  c r y s t a l  and se lec ted  s l i c e s  taken perpendicular t o  i t s  a x i s  

were then dete 

germanium concentrat ion e 

ined from t h e  hown dens i ty  va r i a t ion  of germanium-silicon with 
3 

B cross checked i n  

The germanium content determined by t h e  method des- 

number of cases  ustng chemical and x-ray d3. 

c t i on  techniqu 
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Using t h e  chemical technique, a s l i c e  from t h e  a l l o y  i s  

Then germanium sodium peroxide and leached i n  hydrochloric ac id .  

fused with 

t etracholor ide 

i s  d i s t i l l e d  from potassium permanganate and trapped i n  s u l f u r i c  a c i d ,  Ger- 

manium d i s u l f i d e  i s  p rec ip i t a t ed  from t h e  s u l f u r i c  acid using hydrogen su l f ide .  

Following d i s so lu t ion  and r ep rec ip i t a t ion ,  t h e  germanium d i s u l f i d e  i s  ign i t ed  

t o  germanium dioxide f o r  weighing. 

The germanium-silicon a l l o y  s l i c e s  a r e  prepared f o r  x-ray d i f f r a c t i o n  

measurement o f  t h e  l a t k i c e  parameter by grinding t h e  c r y s t a l  t o  be examined t o  

100 mesh powder. 

r e s u l t i n g  Cu K, and K, 

fractometer using a pure s i l i c o n  standard f o r  reference.  

An x-ray generator was used t o  i r r a d i a t e  a copper t a r g e t .  The 

d i f f r a c t i o n  peaks were scanned with a w i d e  range d i f -  
2 1 

The germanium concen- 

t r a t i o n  o f  t h e  sample was calculated using t h e  l a t t i c e  parameter determined from 

t h e  x-ray peak loca t ions .  Typical germanium weight content a s  measured f o r  a l l o y  

c r y s t a l  00122 ( see  Appendix B )  i s  10.5f0.3% by dens i ty  measurement, 10.8&0.3% by 

chemical ana lys i s ,  and 10.47&0.08% by l a t t i c e  parameter measurement. The germanium 

content o f  s l i ce s  from t h i s .  c r y s t a l  taken perpendicular t o  the'axi-2 a t  var ious p o i n t s  

along i t s  l eng th  was found t o  vary by l e s s  than 10%. 

The presence of oxygen i s  known t o  preclude t h e  f a b r i c a t i o n  o f  good 

semiconductor de t ec to r s ,  usual ly  by i n h i b i t i n g  l i t h i u m  d r i f t .  The oxygen con- 

t e n t  of s e v e r a l  i ngo t s  evidencing low d r i f t  r a t e  and poor de t ec to r  performance, 

was examined i n  order  t o  t r y  t o  determine i f  oxygen contamination was t h e  reason 

f o r  t h i s  behavior.  Infrared absorption techniques a t  approximately 9 microns 

were used f o r  t h e s e  determinations.  

using t h i s  technique a s  t h e  oxygen s e n s i t i v i t y  l i m i t  of 5x10 

t h i s  method i s  we l l  above t h e  threshold value of 1014 t o  1015 which i s  necessary 

t o  perturb de t ec to r  d r i f t  conditions.  

No oxygen contamination could be discerned 

atomslcm us ing '  16 3 

An a l t e r n a t i v e  method was employed i n  an 

e f f o r t  t o  measure oxygen contamination l e v e l s  with g r e a t e r  s e n s i t i v i t y .  

method involves d i f f u s i n g  l i t h ium homogeneously through a s l i c e  o f  a l l o y  a t  

This 

10 



4 0 0 ° C ,  quenching t h e  

room temperature Hell  

mater ia l ,  then  

Coeff ic ien t  a s  

"his technique has  been m c c e s s f u l l y  

concentrat ions on t h e  order  of  lo1' atoms/cm' i n  pure germanium c r y s t a l s .  No 

following t h e  time p: t e  of  change of  t h e  

l i t h ium p r e c i p i t a t e s  out  of so lu t ion .  

t o  t h e  measurement o f  oxygen 
n 

change i n  free c a r r i e r  concentrat ion o f  t h e  germanium-silicon a l l o y  was ob- 

served i n  t h e s e  experiments i nd ica t ing  t h a t  t h e  excess l i t h ium was not  pre- 

c i p i t a t r n g  at t h e  measurement temperature o f  20°C. 

c a r r i e d  out  a t  100°C but  again no change i n  f r e e  c a r r i e r  concentrat ion was 

observed. 

cen t r a t ions  i n  germanium as described above d i d  no t  funct ion t o  y i e l d  low l e v e l  

oxygen concentrat ion values  fox t h e  a l l o y .  

The same measurements were 

This i n d i c a t e s  t h a t  t h i s  method f o r  measuring low l e v e l  oyygen con- 

4 

I n  order  t o  make good semiconductor diodes it i s  necessary t o  d i f fuqe  

I f  l i t h ium i s  d i f f u s e d  t o o  l i t h ium i n t o  t h e  ma te r i a l  t o  j u s t  t h e  proper depth. 

deeply, a t h i c k  "dead layer"  r e s u l t s  on t h e  f ace  o f  t h e  de t ec to r ,  

. -  

Xf l i t h ium 

i s  not  diffused deeply enough, oxidat ion and sur face  preparat ion w i l l  remove 

t h e  l i t h ium before  it can be  d r i f t e d  i n t o  t h e  ma te r i a l .  

s i l i c o n  a l l o y  under study i s  90% s i l i c o n  by weight, it i s  not  a t  a l l  obvious 

Although t h e  germanium- 

t h a t  t h e  d i f fus ion  r a t e  o f  t h e  a l l o y  w i l l  be t h e  same as t h a t  fo r  s i l i c o n .  

was, t he re fo re ,  necessary t o  study t h e  d i f fus ion  o f  l i th ium i n  t h e  germanium- 

s i l i c o n  a l l o y  a s  a funct ion of temperature and Ge/Si r a t i o .  

It 

n inves t iga t ion  has  been made t o  determine t h e  value f o r  t h e  r a t i o  

o f  t h e  d i f fus ion  constants ,  Dalloy /D silicon at various temperatures between 

250°C and 650°C. 

were heated t o  

L i th i a t ed  s l i c e s  o f  both s i l i c o n  and germanium-silicon a l l o y  

preselected temperature.  The s l i c e s  were removed from t h e  

oven and 101.1 

lapping, t h e  

probe. From 

th ickness  were 

r e s i s t i v i t y  o f  

t h e  successive 

successively lapped f r o m .  e ch s l i c e .  

t h e  lapped f ace  was measured with a four-point 

r e s i s t i v i t y  measurements on each sample a l i t h ium 

Af ie r  each 
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d i f fus ion  p r o f i l e  could be  constructed giving t h e  l i t h ium concentrat ion a s  a 

funct ion o f  depth perpendicular t o  t h e  c r y s t a l  face.  

sented i n  Figure 1. 

germanium-silicon a l l o y  (10% germanium by weight) and pure s i l i c o n  a t  tempera- 

t u r e s  o f  250, 350, 450, 550, and 650°C.. A t  s eve ra l  of t h e s e  temperatures a 

number of p a i r s  o f  s l i c e s  were d i f fused  f o r  d i f f e r e n t  time i n t e r v a l s  t o  make 

sure  t h a t  t h e  mechanism being measured was exc lus ive ly  a d i f fus ion  e f f e c t .  

It  was found t h a t  t h e  d i f fus ion  cons tan t  r a t i o  remains a t  approximately 0.9 

Such a curve i s  pre- 

These d i f fus ion  curves were generated f o r  specimens of  

over t h i s  range o f  temperatures.  

The r a t e  a t  which l i t h ium can be d r i f t e d  i n t o  germanium-silicon a l l o y  

under t h e  inf luence  of an appl ied e l e c t r i c  f i e l d  was s tudied a s  a funct ion of 

temperature i n  t h e  range o f  100°C t o  160°C. The l i t h ium d r i f t  r a t e  i s  an i m -  

por tant  quant i ty  i n  t h a t  it revea l s  how deeply a germanium-silicon a l l o y  s l i c e  

may be l i t h ium cornpeneated i n  a given t ime period. 

dr i f t -depth versus  t ime funct ion can a l s o  r e v e a l  t h e  presence of var ious i m -  

p u r i t i e s  i n  t h e  c r y s t a l s .  

vacuum evaporating l i t h ium onto t h e  face  of a germanium-silicon a l l o y  sl ice.  

Next t h e  a l l o y  s l i c e  was t r a n s f e r r e d  t o  an argon atmosphere furnace i n  which 

Anomalous behavior i n  t h e  

The d r i f t  depth measurements were performed by first 

it was heated a t  400°C for10  minutes g iv ing  a l i t h ium di f fus ion  depth o f  -200~. 

After d i f fus ion  t h e  s l i c e  was etched and placed on d r i f t  i n  a s i l i cone  f l u i d  

medium maintained a t  t h e  desired temperature.  The progress o f t h e  n-i and i -p  

junc t ions  were monitored by t h e  copper s t a i n  technique. The junct ion pos i t ion  

as determined by t h e  copper s t a i n  method was v e r i f i e d  by measuring t h e  resis-f 

t i v i t y  p r o f i l e  of  one d r i f t e d  a l l o y  s l i c e  using t h e  four-point probe and suc- 

cess ive  lapping technique described previously,  The b e s t  d r i f t  temperature f o r  

t h e s e  a l l o y  samples a s  determined from t h e s e  measurements appears t o  be -150°C. 
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The change i n  depth o f t h e  i n t r i n s i c  region was followed a t  a given tempera- 

t u r e  f o r  about 1 2  days with a f ixed  appl ied reverse  b i a s  o f  75.7, 

temperatures below 100°C very l i t t l e  d r i f t i n g  t a k e s  place.  

above 160°C diode thermal  runaway i s  encountered. 

d r i f t  t ime curve i s  p lo t ted  i n  Figure 2 f o r  temperatures of  120°C and 150°C. 

A t  d r i f t  

A t  temperatures 

The i n t r i n s i c  depth versus  

Comparison d r i f t  curves f o r  germanium and s i l i c o n  a r e  a l s o  presented i n  

Figure 2 .  

ably more slowly than e i t h e r  germanium o r  s i l i c o n .  

It may be observed t h a t  germanium-silicon a l l o y  drifts consider- 

I n  order  t o  r e g i s t e r ,  o r  count, a photoe lec t r ic  i n t e r a c t i o n  i n  a 

germanium-silicon a l l o y  de tec tor ,  t h e  Lifetime o f  t h e  in j ec t ed  electron-hole  

p a i r s  must be s u f f i c i e n t l y  long t o  permit t h e i r  co l l ec t ion  a t  t h e  sur faces  

where e l e c t r i c a l  contac t  i s  made. 

funct ion o f  t h e  m o b i l i t i e s  o f t h e  charge c a r r i e r s ,  t h e  physical  dimensions of 

t h e  de t ec to r  and t h e  magnitude of t h e  applied e l e c t r i c  f i e l d .  Typical  charge 

co l l ec t ion  t imes  a r e  o f  t h e  order  of 20 ns .  If t h e  c a r r i e r  l i f e t i m e  i s  not  

s u f f i c i e n t l y  long t o  permit co l l ec t ion  of  a l l  i n j ec t ed  c a r r i e r s ,  t h e  r e l a t i v e  

s t a t i s t i c a l  e r r o r  assoc ia ted  with t h e  co l l ec t ion  process w i l l  be increased and 

t h e  de t ec to r  r e so lu t ion  w i l l  be correspondingly degraded. 

The t ime necessary f o r  t h i s  process i s  a 

. . -  

The in j ec t ed  car -  

r i e r  lifetime i s  a l s o  important i n  another r e spec t .  

of  t h e  excess c a r r i e r  concentrat ion usua l ly  i n d i c a t e s  t h e  presence o f  t rapping  

I\nomalous t ime behavior 

o r  impurity si tes i n  t h e  c r y s t a l .  

a l t e r e d  i n  a way which i s  dependent on whether the  t rapping  s i t e s  have. lnng o r  

short t r app ing  time cons tan ts .  

The observed c a r r i e r  l i f e t i m e  w i l l  be 

The l i f e t i m e  o f  c a r r i e r s  i n  germanium-silicon .., a l l o y  samples was deter -  

mined by measuring t h e  decay o f  t h e  photoconductivity sign81 due t o  i n j e c t i o n  of 

c a r r i e r s  induced by a pulsed xenon flash-tube. I n  an u n l i t h i a t e d  sample a t  20°C 

t h e  lifetime was found t o  be -40 p s Q  A t  137°K t h i s  value increased t o  -20 ms 
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indfca t ing  t h e  presence of considerable t rapping.  I n  a sample i n t o  which 
3 l i th ium atoms/cm were d i f f k s e d ,  t h e  l i f e t i m e  a t  137'K was reduced t o  

ps. The measurements suggest t h a t  t h e  u n l i t b i a t e d  germanium-silicon a l loy  

contains  a s u b s t a n t i a l  number of  t rapping s i t e s  which empty slowly a t  low 

temperature. 

and t h e  lifetime is determined pr imari ly  by recombination a t  t h e  excess l i th ium 

sites 

When the  sample is l i t h i a t e d  t h e s e  t r a p s  a r e  wel l  compensated 

, . .  

4. DETECTOR FABRICATION AND TESTING 

The f a b r i c a t i o n  techniques employed f o r  germanium-silicon a l l o y  de- 

t e c t o r s  a r e  s u b s t a n t i a l l y  t h e  same a s  those  used f o r  s i l i c o n  and germanium 

de tec tors .  

The procedure employed i s  given b r i e f l y  below, 

These techniques have been recounted i n  d e t a i l  i n  t h e  l i t e r a t u r e  596 , 

A. Preparation of  t h e  C r y s t a l  

1. A wafer 2 t o  4 mm t h i c k  i s  c u t  from an ingot  of  germanium-silicon 

a l l o y  which has  previously been subjected t o  general  physioal i n -  

spection. 

diamond saw. 

The wafer i s  lapped on both faces with 500p s i l i c o n  carbide and 

then with aluminum oxide. Next t h e  wafer i s  cleaned with d i s t i i l e d  

water and alcohol.  

The edge and one face o f t h e  wafer a r e  masked with t a p e  and l i th ium 

is evaporated onto t h e  unmasked face a t  a pressure of < 1016mm of 

mercury e 

The cu t  i s  made with g rea t  care  using a l i q u i d  cooled 

2, 

3. 

e wafer i s  rap id ly  t r a n s f e r r e d  t o  a furnace held a t  - 
containing an argon atmosphere. 

for -10 minutes. 

Lithium i s  diffused i n t o  t h e  wafer 
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5 .  After removal from t h e  oven t h e  edges o f t h e  wafer a r e  cleaned 

and both faces  a r e  masked with a tape  which i s  impervious t o  ac id .  

Next t h e  wafer i s  etched f o r  2 minutes i n  GI?- r insed i n  d i s t i l l e d  

water and blown dry with pressurized nitrogen. The t a p e  i s  then 

removed a 

The r e s i s t i v i t i e s  of  t h e  n and p faces  a r e  checked with a 4 point 

probe and t h e  forward and reverse b i a s  r e s i s t a n c e  o f t h e  wafer a r e  

6. 

determined. 

s i s t i v i t y  should agree with t h a t  of t h e  ingot  from which t h e  wafer 

was cut ,  and t h e  r a t i o  of foward t o  reverse  b i a s  r e s i s t a n c e  should 

be < 0.1. Unless these  c r i t e r i a  a r e  met s t eps  2 through 6 a r e  re- 

peated * 

The n face r e s i s t i v i t y  must be < 0.02Q cm, the p face re- 

8. Lithium D r i f t  

1. The wafer i s  placed i n  a nonane bath maintained a t  a temperature of 

-100°C i n  t h e  configuration shown i n  Figure 3 .  

-150 v o l t s  i s  applied.  

steps 2 t o  7 a r e  repeated. 

A reverse  b i a s  of  

The r e s u l t i n g  current  should be C 25 ma o r  

I n t e r n a l  heat ing (4 wat ts )  r a i s e s  t h e  

temperature a t  which t h e  d r i f t i n g  take6 place above t h e  i n i t i a l  

temperature of t h e  nonane f l u i d .  

2 .  The depth t o  which l i th ium has compensated t h e  alloy is monitored 

per iodicq l ly  using t h e  copper s t a i n i n g  technique. By reverse b ias -  

i ng  t h e  diode while s ta in ing ,  t h e  n-i and p- i  junc t ions  a r e  made 

v i s i b l e .  

t ance  method for  measuring d r i f t  depth, where 

The technique c o r r e l a t e s  reasonably well with t h e  capaci-. . .  . 

n 

Drift depth (cm) = 1,2 x 
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I n  a good de tec to r  t h e  capaci tance i s  not  a s t rong  func t ion  of 

t h e  appl ied reverse  b i a s  vol tage .  

C, Level D r i f t  

1, m e n  a de t ec to r  has  reached t h e  desired depth it is removed from 

t h e  d r i f t i n g  bath and given a l e v e l  d r i f t .  

p lac ing  t h e  de t ec to r  i n  a nonane bath q -20°C and d r i f t i n g  it 

f o r  24 hours a t  high vol tage and low cu r ren t .  

a more uniform l i t h ium compensation. 

This c o n s i s t s  of 

This d r i f t  provides 

D, Test ing  Gamma Ray Response 

1. 

2 .  

3. 

The de tec to r  i s  mounted i n  a t e s t  dewar and checked f o r  reverse  

b i a s  leakage cur ren t  a t  room temperature and a t  l i q u i d  n i t m g e n  

temperature.  The leakage cur ren t  a t  room temperature must be less 

than  1 0  pa a t  1000 volts/cm of de t ec to r  depth o r  e l s e  t h e  de t ec to r  

i s  boi led  i n  a lcohol .  

formance t h e  de t ec to r  edges a r e  etched i n  hydrofluoric  acid and 

r insed  with a lcohol  and di.st5lJed water, 

If t h i s  does not  produce t h e  desired per- 

If t h i s  f a i l s  t h e  edges 

a r e  lapped with aluminum oxide and t h e  de t ec to r  ye-etched i n  CP-4. 

A 133Ba gamma ray  source i s  placed aga ins t  t h e  outer  face  o f  t h e  

cooled t e s t  dewar containing t h e  a l l o y  de tec tor  and t h e  de tec tor  

gamma ray  spectrum i s  observed. 

t h i s  operat ion i s  shown schematical ly  i n  Figure 4. 

The e l e c t r o n i c  system used fo r  

The high va l tage  

and ampl i f i e r  time cons tan ts  axe adjusted t o  obta in  optimum gamma 

ray  r e so lu t ion .  

If t h e  de t ec to r  performance i s  s a t i s f a c t o r y  t h e  following measure- 

ments  a r e  performed: 

(i) Capacitance versus  appl ied b i a s  

(ii) Reverse b i a s  versus  cu r ren t  a t  -1959C, -75°C and +20°C 
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( i i i ) G a m a  ray  reso lu t ion  a t  81  keV and 356 keV 

Next t h e  de t ec to r  i s  e i t h e r  used i n  t h e  r ad ia t ion  damage experi-  

ments, s tored  t o  t e s t  long term s t a b i l i t y  a t  room temperature,  

o r  a t h i n  

below 

4. 

gold window i s  f ab r i ca t ed  on t h e  p-face a s  described 

E. Application o f  a Thin Gold Entrance Window 

1. After t h e  de t ec to r  i s  removed from t h e  t e s t  dewar a sec t ion  q f  t h e  

p-face i s  removed by masking t h e  ou te r  port ion and e tch ing  t h e  

cen te r  with CP-4. 

and t h e  i - l aye r  i s  reached i s  performed using a four-point probe 

and t h e  copper s t a i n  technique. 

with d i s t i l l e d  water,  a lcohol ,  and d i s t i l l e d  water.  

i s  used t o  cover t h e  n-face and t h e  de t ec to r  i s  etched f o r  1 minute 

i n  CP-4, The CP-4 i s  cons tan t ly  d i lu t ed  with d i s t i l l e d  water u n t i l  

all t r a c e s  of  acid a r e  removed. The de tec tor  i s  now mounted on a 

mask and gold i s  evaporated onto t h e  i - face  a t  a pressure o f  10  

The de tec to r  i s  then mounted i n  t h e  t e s t  dewar. 

emi t t ing  5.5 MeV alpha p a r t i c l e s  i s  mounted i n s i d e  t h e  dewaro The 

alpha p a r t i c l e  r e so lu t ion ,  and reverse  b i a s  leakage cur ren t  curves 

The determinatian o f  when t h e  p-layer i s  remavad 

The de tec to r  i s  c a r e f u l l y  cleaned 

Mylar t a p e  

-6 mm. 

2 .  An 241Am source 

a r e  determined a t  -195"C, -75°C and +2OoC. 

5 e DETECTOR F'ROPERTX E5 

High q u a l i t y  photon de tec to r s  were f ab r i ca t ed  from c r y s t a l s  number 

6599-1, 00121, nd 00123 (see  Sect ion 3 ) .  A t y p i c a l  set of reverse  b i a s  cur ren t  

c h a r a c t e r i s t i c s  f o r  one of t h e s e  de t ec to r s  may be found i n  Figure 5. 

c h a r a c t e r i s t i c s  were measured a t  -195OC, -75°C and +20°C, 

yielded good gamma ray  r e so lu t ion  a t  temperatures up t o  -750Ce 

These 

The a l l o y  de tec to r s  

A t  room temper- 
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a t u r e  t h e  r e so lu t ion  was g r e a t l y  degraded due t o  surface Leakage. A grooved 

o r  guard r i n g  de tec to r  configurat ion may s u b s t a n t i a l l y  improve t h i s  response 

For temperatures between -75°C and -195°C t y p i c a l  r e so lu t ion  fo r  gamma rays  was 

4 keV. 

a s  t h e  capacitance o f t h e  a l l o y  diodes was roughly 80 p f ,  

sponse of t h e  diodes was used a s  an i n d i c a t o r  t o  determine whether t h e  de t ec to r  

p rope r t i e s  were s u f f i c i e n t l y  good t o  j u s t i f y  f a b r i c a t i o n  o f  a t h i n  gold entrance 

window on t h e  de t ec to r  f o r  charged p a r t i c l e  measurements, 

window must be applied t o  t h e  a l l o y  de tec to r  i n  0rde.p t h a t  alpha p a r t i c l e s ,  

e lectrons,  and protons w i l l  not be t o o  highly at tenuated i n  t h e  l O O p  t h i c k  

n-type dead l a y e r  on t h e  f r o n t  f ace  o f  t h e  a l l o y  de tec to r ,  

has  a thickness  o f  approximately 30 pg/cm 

6 

This  value o f  4 keV can be completely a t t r i b u t e d  t o  preamplifier noise  

The gamma ray re- 

A -thin gold entrance 

This l a y e r  o f  gold 
2 It i s  evaporated onto t h e  i-region a s  des- 

cribed i n  t h e  preceding sec t ion .  

window s c a t t e r s  and degrades t h e  energy of t h e  inc iden t  charged p a r t i c l e s  suf- 

f i c i e n t l y  t h a t  t h e  de t ec to r  resolukior! i s  l imited t o  1 0  - 20 keV fo.r t h e  241Am 

alphas whose energy averages -5,5 MeV. Thin gold entrance windows were f a b r i -  

cated on a number o f  germanium-silicon a l l o y  de tec to r s .  

window was not successful ly  applied on t h e  f irst  several. t r i e so  

t h e  

and etching, t h a t  it f r ac tu red .  Both t h e  reverse  b i a s  leakage current  a t  various 

temperatures and t h e  alpha p a r t i c l e  resolu.tion were measured on de t ec to r s  t o  

which gold windows had success fu l ly  been at tached.  

Even t h i s  very t h i n  (10  t o  30 pgjcm') gold 

In some case t h e  

A t  t h i s  point 

germanium-silicon wafer was general ly  so t h i n ,  due t o  t h e  repeated lapping 

The performance c h a r a c t e r i s t i c s  of t h e  gold window germanium-silicon 

a l l o y  d e t e c t o r s  fabr icated under t h i s  program a r e  presented i n  Table 2 ,  

Table a l s o  includes entr : ies  corresponding t o  diodes made from low germanium 

content ma te r i a l  received e a r l y  i n  .the program. An 241Am alpha spectrum a s  

recorded by one o f  t h e s e  de t ec to r s  i s  presented i n  Figure 6 .  A l l  d e t ec to r s  

The 
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made from Hoboken ma te r i a l  operated with s u b s t a n t i a l l y  t h e  same re so lu t ion  

a t  -75°C a s  they  had a t  -195°C. 

general ly  exhibi ted a fwhm a t  -75°C which was double t h e  value a t  -195°C. 

Detectors made from other  a l l o y  ingo t s  

TABLE 2 

PROPERTIES OF GERMANIUM-SILICON ALLOY DETECTORS U T H  T H I N  GOaJ3 ENTRANCE WI. NDOWS 

Alloy Ingot from 
which de tec to r  
was fabricated 

( s e e  Appendix B )  

39 

85 

M -1 

M -1 

6 599-1 

00121 

0012 3 

Weight 
% 

Ge 

0.81 

1.6 

1.1 

11.0 

1 2 . 1  

1 2  3 

Detect o r  
Numb ex 

GD-39-4 

GD-85-3 

M -1 -1 

M-1-3 

EL-1-3 

121-4 

123-5 

Reverse Bias Current a t  

-195°C 

.07 na 

0.1 

1 . 0  

1 . 6  

> 320 

0 .3  

1 . 0  

- na 

7 

- 

- 

3 

2 

4 

S 

+25"G 

2,2pa 

4.0 

20 

1 7  

-2 50 

1 .4  

10 

241Am Alpha 
Resolution 
a t  -195°C 

60 keV 

33 

43 

-115 

48 

20 

31  

( &hm) 
a t  -75°C 

65 keV 

82 

76 

- 

- 

26 

35 

Some o f t h e  de t ec to r s  described i n  t h e  above Table were s tored f o r  

periods o f  up t o  6 weeks a t  room temperature while exposed t o  t h e  room atmosphere. 

I n  a l l  cases  it was possible  t o  operate  t h e s e  devices, when they were cooled back 

down t o  -175OC, with no l o s s  i n  r e s o l u t i o n  o r  degradation o f  r eve r se  b i a s  charac- 

t e r i s t i c s ,  I n  some cases  it was necessary t o  e tch  t h e  unprotected n-i-p junct ion 

clean of depos i t s  from t h e  a i r .  

could be omitted.  

I n  o the r  cases even t h i s  rudimentary procedure 
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Two germanium-silicon a l loy  diodes (88 weight percent s i l i c o n )  and 

one s i l i c o n  d i o d e  were i r r a d i a t e d  with 6oCo gama rays  i n  order  t o  determine 

t h e  r e l a t i v e  

devices  were prepared from 300 ohm - cm 

which had been double-doped with boron and gallium. 

mount o f  r ad ia t ion  damage i n  t h e  two rn t e e  81s. The a l l o y  

e t a l l u r g i e  Hoboken p-type ma te r i a l  

The s t a r t i n g  ma te r i a l  

f o r  t h e  s i l i c o n  diode was cu t  from B 1000 ohm - cm Wacker boron-doped c r y s t  

Each of  t h e  diodes was f ab r i ca t ed  by l i t h ium d r i f t i n g  t o  a depth a€ 1 mm, 

geometries of t h e  diodes were a s  follows: 

x 2 mm t h i c k ;  

The 

s i l i c o n  - cyl,inder, 2 .2  cm 

l l o y  #2 - square, 1 x 1 cm x 2 mm t h i c k ;  a l l o y  3 - c i r c u l a r  

n t  1 . 5  cm2 sur face  x 2 mm *hick. 

Aee r  appropr ia te  sur face  preparat ion,  t h e  diodes were mounted i n  

t h e  vacuum space o f  a s t a i n l e s s - s t e e l  l iquid-ni t rogen cooled c ryos t a t .  Tbermal 

c t  between t h e  diodes and t h e  coolant  was maintained through a copper 

ce on which a 1 mm-thick p l a t e  of sapphire was fflstened. The sapphire  

served t o  e l e c t r i c a l l y  i s o l a t e  t h e  diodes from t h e  b d y  of  t h e  c r y o s t a t  (which 

s common with t h e  ground of t h e  power supply and the re fo re ,  functioned a s  an 

e l e c t r i c a l  sh i e ld )  while providing good thermal contac t  t o  t h e  coolant .  

OoOIO inch t h i c k  s h e e t  of  indium was placed on t h e  sapphire t o  se rve  a s  a 

I$ 

on contac t  f o r  the\ low-vol tage s i d e  of t h e  diodese High v o l t  ge was appl ied 
- 

through t h r e e  phosphor-bronze spr ing  c l i p s  which a l s o  served t o  hold tbe diodes 

i n  placec 

wa l l  o f t h e  c ryos ta t ,  

The d i p s  were each wired t o  a sepa ra t e  co-axial  connector i n  t h e  

A four th  connector was w i r e d  t o  t h e  indium she&. 

Exposure t o  6 0 ~ o  gamma r y s  was accomplished i n  t h e  ho t  c e l l  f a c i l i t y  
1 

o f  t h e  Rutgers Universi ty  Weaetor;. The source consis ted of e igh t  ad jacent  12- 

inch penc i l s  containing a t o t a l  of 3000 c u r i e s  and held i n  a h o r i z o n t a l  plane 
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about 0.75 inch below t h e  face  o f  t h e  c ryos t a t ,  which, i n  tu rn ,  was 0.25 

inch below t h e  specimens. 

dose r a t e  a t  t h e  sample pos i t i ons  was determined by means o f  thermoluminescent 

dosimeters which were placed i n  pos i t i ons  equivalent t o  those o f  t h e  diodes 

f o r  3 minutes and then  read .  

diodes determined i n  t h i s  manner was 217 rads (Si) /sec (&lo%). 

were exposed t o  a t o t a l  o f  13.7 megarads ( S i )  

over t h e  de t ec to r  a r r a y  was measured t o  be < 5%. 

This arrangement i s  depicted i n  Figure 7. The 

The gamma ray  does r a t e  a t  t h e  pos i t i on  o f t h e  

The devices 

The v a r i a t i o n  i n  dose r a t e  

The samples were cooled t o  77°K p r i o r  t o  exposure and maintained a t  

t h i s  temperature throughout t h e  i r r a d i a t i o n  and f o r  two days t h e r e a f t e r .  They 

were then warmed t o  room temperature i n  t h e  evacuated c ryos t a t ,  where they  r e -  

mained f o r  two more days. 

water and methanol, and replaced i n  t h e  c ryos t a t .  

verse b i a s  voltage was measured, f o r  each o f t h e  diodes, immediately before  

and a f t e r  exposure using a Keithley 610C electrometer .  A-flter t h e  i r r a d i a t i o n  

Each diode was then removed, r insed i n  d i s t i l l e d  

Leakage current  versus re-  

attempts t o  determine t h e  counting e f f i c i ency  and r e so lu t ion  o f  t h e  diodes f o r  

57C0 and 133Ba gamma rays  were unsuccessful because a vacuum l e a k  i n  t h e  cryo- 

s t a t  developed during t h e  i r r a d i a t i o n .  

age path between t h e  high voltage connectors and t h e  case o f  t h e  c ryos t a t  but 

d i d  not e f f e c t  t h e  leakage-current measurements e 

ments made before  and a f t e r  i r r a d i a t i o n  a r e  shown f o r  t h e  s i l i c o n  diode, and 

t h e  two a l l o y  devices i n  Figures 8, 9, and 1 0 .  The f igu res  a l s o  show t h e  r e -  

verse leakage current  c h a r a c t e r i s t i c s  o f  t h e  t h r e e  devices a f t e r  annealing a t  

room temperature 

This r e su l t ed  i n  a high r e s i s t a n c e  leak- 

The r e s u l t s  o f  t h e s e  measure- 
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Degradation of t h e  reverse  cur ren t  c h a r a c t e r i s t i c s  immediately seer 
exposure i s  c l e a r l y  much more severe i n  t h e  s i l i c o n  diode ( t h r e e  orders  of 

magnitude a t  1OOV) than I n  e i t h e r  of t h e  a l l o y  specimens. After  annealing 

a t  room temperature, t h e  recovery of  t h e  s i l i c o n  diode i s  not complete. I n  

2 a s l i g h t  decrease i n  t h e  leakage cur ren t  i s  manifested i n  t h e  

Diode #3 appears annealed s t a t e ,  compared t o  t h e  pre- i r rad ia t ion  condi t ion.  

t o  have undergone a remarkable improvement by t h e  t reatment  of i r r a d i a t i o n  p lus  

annealing a t  room temperature.  

7 CONCLUSION 

This program has demonstrated t h a t  germanium-silicon a l l o y  s ingle  

c r y s t a l s  of  de t ec to r  grade qua l i t y  can be produced with a s  much a s  12 weight 

percent germanium. 

mater ia l  i n  t h e  p-i-n configurat ion by the l i th ium d r i f t  technique. 

cribed i n  Section 3, observed l i th ium d r i f t  r a t e s  a r e  considerably slower than 

would be expected on t h e  b a s i s  o f  t h e  l i thiurn d i f fus ion  constant  f o r  t h e  a l l o y  

a s  measured between 250°C and 650°C. 

d r i f t  r a t e  i s  t h a t  oxygen i s  present  i n  t h e  a l l o y  c r y s t a l  a t  very low concen- 

Operat ional  semiconductor de t ec to r s  can be made from t h i s  

As des- 

One possible  explanation f o r  t h e  low 

t r a t i o n  l e v e l s P  It has  been found t h a t  t h e  presence o f  oxygen i n  s u f f i c i e n t  

q u a n t i t i e s  can render a germanium c r y s t a l  ‘kndr i f t ab le f r .  

s i t e s  f o r  p r e c i p i t a t i o n  o f  l i thium. 

Oxygen atoms a c t  a s  

The longer and deeper t h e  l i th ium d r i f t s  

t h e  more de l e t e r ious  i s  t h e  e f f e c t  of  t h e  oxygen. 

f o r  such adverse behavior need only amount t o  1 atom i n  10 

t h e  a l l o y  oxygen should manifest  i t s e l f  through a gross  reduction i n  t h e  l i th ium 

The oxygen l e v e l s  necessary 
7 If present  i n  

I 

mobil i ty  a t  d r i f t i n g  temperatures (130°C). Such an e f f e c t  i s  observed s ince  a t  

130°C t h e  l i t h ium mobil i ty  i n  t h e  a l l o y  i s  found t o  be many‘orders of magnitude 
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lower than an t i c ipa t ed ,  

was measured a t  temperatures between 250°C and 650°C it was found t o  be very 

c lose  to t h e  mobil i ty  value f o r  l i th ium i n  s i l i c o n .  

due t o  t h e  f a c t  t h a t  a t  t h e  elevated temperatures t h e  presence of  oxygen i n  t h e  

a l l o y  does not have a pronounced e f f e c t  on t h e  l i th ium mobil i ty .  Addit ional  

evidence point ing t o  oxygen a s  t h e  poss ib le  source o f  d i f f i c u l t y  l i e s  i n  t h e  

f a c t  t h a t  t he  one a l l o y  ingot  from which no de tec to r s  could be made (00122) 

had t h e  h ighes t  r e s i s t i v i t y  and therefore  t h e  lowest dopant concentrat ion.  

presence o f  small  q u a n t i t i e s  o f  oxygen can be negated by increas ing  t h e  doping 

When t h e  value of  t h e  mobil i ty  of  l i th ium i n  t h e  a l l o y  

T h i s  apparent anomely i s  

The 

l e v e l .  

l e v e l  d i d  no t  manifest  t h e  complete l ack  of s u i t a b i l i t y  f o r  de t ec to r  f ab r i ca t ion  

shown by t h e  high r e s i s t i v i t y  c r y s t a l .  

Thus t h e  lower r e s i s t i v i t y  c r y s t a l s  with a higher  gall ium and boran 

The upper l i m i t  t o  t h e  dopant l e v e l  i s  

determined by t h e  number o f  dopant atoms t h a t  one i s  w i l l i n g  t o  accept i n  t h e  

semiconductor mater ia l .  

i n  order  t o  make a good l i t h ium d r i f t e d  de tec tor .  

Each dopant atom must be compensated by a l i th ium atom 

The addi t ion  of  t o o  many of 

t hese  impurity s i t e s  t o  t h e  c r y s t a l  w i l l  degrade t h e  de t ec to r  c h a r a c t e r i s t i c s .  

The c a r r i e r  l i f e t i m e  measurements described i n  Section 3 support t h e  above argu- 

ment by ind ica t ing  the presence o f  a considerable  number o f  impurity s i t e s  i n  

t h e  u n l i t h i a t e d  a l l o y  samples. 

Detectors  fabr ica ted  from t h e  germanium-silicon a l l o y  show charged 

p a r t i c l e  r e so lu t ion  comparable t o  t h a t  obtained with s i l i c o n  de tec to r s .  The 

a l l o y  de tec tor  can be operated a t  temperatures c lose  t o  room temperature with 

good r e so lu t ion .  

should be f e a s i b l e .  

By modifying t h e  de t ec to r  geometry room temperature operat ion 

Prolonged s torage of these  devices a t  20°C does not  appear 

t o  e f f e c t  them adversely.  On t h e  o the r  hand, it i s  known t h a t  l i th ium w i l l  pre- 

c i p i t a t e  from compensated germanium stored a t  t h i s  temperature. 
I 
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Germanium-silicon s i n g l e  c r y s t a l  a l l o y  de tec to r s  should prove u s e f u l  

f o r  charged p a r t i c l e  de t ec t ion  i n  e a r t h  s a t e l l i t e s .  A thermoelectr ic  cooler  

could be employed i n  such an app l i ca t ion  t o  ob ta in  operat ing temperatures of  

-75°C. Based on t h e  r e s u l t s  o f t h e  preliminary r a d i a t i o n  damage s t u d i e s  t h e  

germanium-silicon a l l o y  appears t o  evidence a high degree o f  i n s e n s i t i v i t y  t o  

r a d i a t i o n  damage when compared t o  6oCo induced damage i n  a s i l i c o n  de tec to r .  

Almost complete recovery o f  r a d i a t i o n  induced damage can be achieved with t h e  

a l l o y  de tec to r  by use o f  an appropriately chosen annealing cyc le .  

t i v i t y  o f t h e  a l l o y  t o  r a d i a t i o n  damage from 

annealing, may be due t o  recombination which can t a k e  place spontaneously i n  

t h e  a l l o y  a t  -195OC. 

progress 

The in sens i -  
60  

Go gamma rays,  even before  

Further experimental i n v e s t i g a t i o n  i n  t h i s  area i s  i n  
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APPENDIX A 

In  a n  e f f o r t  t o  l o c a t e  germanium-silicon a l loy ,  t h e  sclppLiers of  s i l i c o n  

and germanium l i s t e d  below were contacted,  Attempts were a l s o  made t o  contact  re- 

searchers  who had published papers involving silicon-germanium s i n g l e  c r y s t a l  work 

i n  case they might be a b l e  t o  provide Ge-Si c r y s t a l s  f o r  t h i s  program. L i s t ed  be- 

low is a summary of t h e s e  contacts .  

Source 
P 

1 e Semi-Metals, Inc . 
2 .  MetaPlurgie Hoboken (Belgium) 

3 .  Materials Research Corp. 

4. Wacker Chemical Company 
(Germany) 

5.  Elmat Corp. 

6 .  Monostructures I n t e r n a t i o n a l  

7. Sylvania E l e c t r i c  Inc. 

8. Monsanto Chemical Corp. 

Corning Corp. 

10 Semi-Elements Inc. 

11. General Diode Corp. 

1 2  Vieille-Montagen (France) 

13. R.C.A. Research Group 

14. Geoscience Instruments Corp. 

Alloy not ava i l ab le .  

Produced a l l o y  (see Appendix B) 

Had never made a l l o y  but was w i l l i n g  
t o  t r y .  
unsui table  a t  t h e  present  t,imeo 

Isotopes judged t h i s  company 

Not i n t e r e s t e d .  

Ingots del ivered (see Appendix B )  

Obtained ingot  ( see  Appendix B) 

No s i n g l e  c r y s t a l  a l l o y .  

No s i n g l e  c r y s t a l  a l l o y .  

No s i n g l e  c r y s t a l  a l l o y .  

Isotopes ordered one ingot but it had 
a n e g l i g i b l e  germanium content.  

Ingots del ivered (see Appendix B )  

No s i n g l e  c r y s t a l  a l l o y .  

Kindly supplied Isotopes wi th  a Ge-Si 
a l l o y  ingot  which was made some yea r s  
ago. This ingot (7% germanium by weight) 
was not s u f f i c i e n t l y  pure f o r  d e t e c t o r  
f a b r i c a t i o n .  R.C.A. did not wish t o  make 
high p u r i t y  a l l o y  ingots  a t  t h i s  time 
(see Appendix B). 

An order was placed but afterwaxd 
company decided t h a t  it d id  not wish 
t o  f a b r i c a t e  t h e  a l l o y .  
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Source 
P 

15 

16 I 

1 7  e 

18 a 

19 * 

20 

Ventron Electronics  Corp. 

General E l e c t r i c  Research 
Ea bo ra t  ory 

Bell Telephone Laboratories 

G.E.C. Research Laboratories 

Royal Radar Establishment 
(England ) 

University of Ca l i fo rn ia  a t  
Los Angeles, Brown University,  
Oxford University (England) 

Several  c r y s t a l s  were ordered. One 
was del ivered but  it had a very low 
germanium content (see Appendix B) 

Not i n t e r e s t e d  i n  making Ge-Si a l l o y ,  

Not i n t e r e s t e d  i n  making a l l o y .  

No s i n g l e  c r y s t a l  Ge-Si a l l o y .  

In t e re s t ed  i n  making t h e  a l l o y  but  
no work done i n  t h a t  a r ea  a t  present .  

Contracted var ious individuals  who had 
worked. i n  f i e l d  b u t  obtained no a l l o y  
a s  a r e s u l t  of discussions.  
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PPENDIX B 

Germanium-silicon a l l o y  c r y s t a l s  were received from s i x  manufacturers! 

General Diode Corp., R.C.A. Research Laboratories,  Ventron Electronics  Corp., Mono- 

s t r u c t u r e s  In te rna t iona l ,  Elmat Corp,, and Metallurgie Hoboken, d n  evaluat ion 

of  these  c r y s t a l s  i s  presented below: 

Ing.ot 
NO * 
c___ 

Manufacturer 

General Diode Corp 22 
28 
32 
39 
45 
52 
83 
84 
85 

10-25n cm 
32 0- 3 90 
66-210 
66-69 
1 2  0- 15 0 
10- 15 
150-300 
5 00- 12 00 
50-225 

R.C.A.  Labs - 3- 6 

Ventron Electronics  - - 
Monostructures - 10-20 

E lma t C orp 6599-1 -200 

6599-2 -200 

Matallurg i e  Hoboken 00121 23-30 
00122 200-400 
00123 155-245 

Weight % 
Germanium C omment s 

3.14 
< 3  
< 3  

0 .81  
2.77 

< 3  
< 3  
c 3  

1.57 

7 

8.3 

1.08 

11.0 

11.0 

1 2 . 1  
10 ( 5  
12.3 

E t  was concluded 
t h a t  General Diode 
Corp was unable t a  
produce a l l o y  wi th  
the  high germanium 
concentrarions re- 
quired * 

Too many impuri t ies  
were present t o  make 
good de tec tors  e 

Polycrystal ine 

Too many impuri t ies  
were present  t o  make 
good de tec tors .  

This c r y s t a l  produced 
acceptable de tec tors .  
Crys ta l  showed twinning. 

Acceptable de tec tors  were 
produced from these  
c r y s t a l s .  



FIGURE CAPTIONS 

igure 1. Resistance versus depth p r o f i l e  i n  l i thium diffused germanium-silicon 
a l l o y  containing 10% germanium by weight. 
determined by four point  probe measurements taken a€ter successive 
lapping of t he  n face. 
550'C i n  p-type a l l o y  whose r e s i s t i v i t y  was 307 ohm-cm. 

The diffusion p r o f i l e  is 

This d i f fus ion  took place f o r  10 minutes a t  

Figure 2 ,  Lithium d r i f t  depth i n  germanium-silicon a l l o y  containing 10% ger- 
manium by weight, ih a funct ion o f ' t i m e  a t  various tempbratures. 
shown for  comparison a r e  d r i f t  curves i n  germanium and i n  s i l i con .  

Also 

Figure 3. Assembly f o r  l i th ium d r i f t  compensation o f  t h e  germanium-silicon a l loy .  

Figure 4,  Schematic of e l e c t r o n i c  system f o r  gamma ray spectroscopy. 

Figure 5.  Reverse b i a s  cur ren t  c h a r a c t e r i s t i c  taken a t  t h ree  d i f f e r e n t  temper- 
qtures. 
charged p a r t i c l e  de tec tor  00121-4. 

241Am alpha spectrum a s  observed with germanium-silicon a l l o  
00121-4 operated a t  -196OC. 
ray spectrum recorded a t  the  same time i s  shown on t he  trpncatqd channel 
scale a t  t h e  left. 
alpha l i n e s  a r e  a l s o  indicated,  

Geometry of r a d i a t i o n  damage study. 
3000 cu r i e s .  
d i sc .  
of t h e  penc i l s .  
5 / 8  inches and t h e  penc i l  diameter was 1/2 inch, 

The measurements were performed on germanium-silicoo a l l o y  

e t e c t o r  
Ba gamma Y3i Figure 6 .  

The high energy port ion of t h e  

The energies  associated with t h e  various gamma and 

Figure 7, Eight 6oCo penci ls  contained 
The diodes were mounted on t h e  bottom of t h e  copper 

The plane of t he  d i sc  i s  1 inch above t h e  plane of t h e  a x i s  
The center  t o  center  separat ion of each penci l  was 

Figure 8. Reverse leakage current versus b i a s  f o r  a l i thium-drif ted s i l i c o n  diode 
a t  77'K before i r r a d i a  
6 0 ~ 0  gamma rays per 
following exposure ( 

Reverse leakage cur ren t  versus b i a s  f o r  a l l o y  diode #2 a t  7 "K before 
i r r a d i a t i o n  (X), immediately af ter  exposure t o  2 , 3  x 1016 6aCo gamma 
rays per cm2 ( 
ing exposure ( 

(X),  immediately a f t e r  exposure t o  2.3 x 1016 
), and a f t e r  a two-day room-temperature anneal 

Figure 9. 

) , . and af te r  a two-day room-temperature anneal follow- 

Figure 10. Reverse leakage cur ren t  versus b i a s  f o r  a l l o y  diode #3 t 77*K before 
), immediately a f t e r  exposure t o  2 . 3  x 10 f 6  60Co gamma 

) a f t e r  a two-day room-temperature anneal following 

2 9  
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